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Abstract 

A tlet~ailerl st.udy of the hetn,tron stochstir cooling in tlw DCI~IIIICIIW 
is presenktl. First,, a. complrt~e t,lworrtical ~no~lel iu(:lll(lillg t,lw cwlit,tmlrr,- 
depmdml: signal-bnoisr rho a,s well a.7 tillle-tl~~p(~ll(~leIlt, mixing is cow 
stnlctrd. The enlit,ta.ncr mea.sweme~~ts in the Delnmc~lm arc &s&lw~l ~111~1 
it, is sllow~ tl1n.t. t,he model is in excellent agrrenwnt~ wit,11 t,lw C’Xl~lt’l.illlt’llt,il,l 
d&a.. The idea. of pin shaping is lmqmsed md it, is sl~owu t.lmt. t,lw gaiu 
slmping would impmw the cooling of the Ixam. Srvewl lxol~osa~s for f’ll- 
ture improvemmt~s ue studied md a.ppmisrd, in lmtirular, ga,iu slrq~ing:, 
ramped ‘71, mtl cryoge:llic a.1~1 “sma~lt” pickups mtl kickro. Finally, t.lw II+ 
mands rvllich the Main Injerctor will impose on he Dt:lm~~cl~r~. ale ~IIJ~x~I 
and a design of he IwtiLtrou st,oclmst,ic cooling syst,rtn for tile Milin Illj<wt,m 
era is oubliurd. 



1 Introduction 

Presently, the Fermila.b Antiprobn Delnmcher a,ccrpts 4 x 10’ a,nt~ipdons 
every 2.4 seconds a.nd prepares them for injection int,o the Acrcumlllat.or fol 
stacking. Besides t,lle Inmch rol.n,tion, the stochastic cooling of t,hr ant~il)ro- 
ton bea,m is t,lle esseba. 1 pat, of t,his process. The idial rms rmit~tanw of 
the ant,iprot,ou beam injected from t,he ta.rget~ is a,pproxim;8t~ely 5.5 x mm 
mratl, while t,lie emitt,a.nce of the extra.ct,etd lx5am is irl>orlt, I K mm nxd 
With the ulvent. of Ma,in Injrc~tor, the number of a.ntipdow inject~rrl int,<r 
the Debuncher is expected t,o increase t~hreefold, while at the sa.me t,imr t,hr 
period lxtwrru injfdions should decrease to 1.5 sec. Since t,llr c~ooliug ra,t,r 
is inversdy proport~iona.1 t,o t,lw ~lumhrr of pxticles in t,lw lwa~nl, t,his will ill- 
evita,bly lead l:o slowing dowl t,hr ra.tr a,!. which t,hr a.nt,iprot,oll l~wa~m is ~vole~l 
and m xltllt~lon allow less t,ime for t,llr coolmg process. Bal.setl n,‘ou t,hrsr (>I)- 
serwdions a,11 upgra~de of t,hr stocha,st.ic cooling syst,ems in t.lw Del~~ulcl~er is 
necessa,r,y 

In Sect,iou 2, t.hr question of ga.in optimiza.tion in t,he pwxnt~ syst.rm is 
examined a.ntl the not,ion of ga.in shaping introti~~rrd. A brief descrildiw 
of the mea.surement. results is given in Sec~tion 13. It is sl~owu t,llat, t.lwsr 
results are in excc llent, a.grrenlrint, with t,he theoretica, morld. 111 Srdiou 
4, the thcoret,icad model is further improved hy including t,hp rff’wt of t,ime 
dependent mixing which is due to the moment,um cooling in t,llr Drlxm~~lwr. 
Next, a. tleta.iletl discussion of ga,in sha.ping is ta,ken up in Section 5. 111 
Section 6, the l~et.a~trou cooling system rquippexl wit,11 “slll;llt,“I’icklll)s iul(l 
kickers whosr ga,p is drt~erminrtl by the emit~tancc: of tllc bwm is st,llllircl. 
They offer a. drandir implovement, of t,he perfornxmcr of t.lle system ;mrl 
will p~.esund)ly 11a.w 1.0 lw implrmrntrtl iu the Ma.in Injrct,or ~LR. 

Sect.iou 7 tlra,ls wit,11 t,hr tlema.rds ou the Delnmchrr in t,hr hIa.iu Injrchn 

era. It is shown that mitjor upgdr of the cooling system will lw nrwssiwy, 
and ma,in opt,ions for i.lrr upgrade a.re tlisrlwsetl. Findy, an ollt,line is givtw 
of what. xligllt, be t.lw only possil~)lr design of t,he stochast~ic waling sydrnl 
for the Main Injector era.. 



2 Which optimal gain? 
The process of b&bon cooling is described by the differrnt~ial rqna,t,iou 

rlc 
- = -g; (2 - g(M + U)) t, 
r1t 

where W = j7,z.,r - f;,,;. is the amplifier lmndwidt~h, N is tllv n11n1lw1 of 
particles ill the Immi, g is t,lrr system ga,in, .A4 is t,lw mixing fxt,or, il,ll~l Ii is 
the noise to signal ratio. 

The mixing fa,ct,or is basica.lly the number of turns a particle ~~1s t,o 
nmke in order t,o lmvr the original sa~mple. It is thus det~ernliue~l 11y t.llc, 
amplifier bmdwidt~h, t,hr monlent,unl sp~arl of t,lle l~beam and t.he slil) fact,w 
q of the nmchine, 

M= 
P,,fdJ(P) 111* 

ZI/Wlv , 

where $(I)) is the mornentnm distrihllt,ion of t.llc rnrtirles, 1,” the energy of 
the cent,ra,l orbit, a.ntl .f; t,lrr revolution frequcnry. The nunwrici4 vallw ot 
the mixing facbr with h = O.:l’X is about~ 10. Dw t,o momrntlun rooling ill 
the DeLnnchrr, the mo~~rntnm spread is rrtluce~l by about, a, fxt.or of t,wr 
during the c.ooling cycle. This time dqm&nc.r of M is disrussrd in Swt,iw 
4. 

Since the signa. is proportiona~l to the cnlit~~t.a.nrr of tile bea.nl, wllil(~ t.llv 
noise is grnerat,etl by the electronics lmrdwarr, it, is convenirnt~ Tao writ(> t.lll, 
noise-to-sijgml mtio a.s 

[J=%, (:o t 
where the W~e:lma~l emittmcr” cl,,, is a. hdwa,rr pa.ranet,er which rrl~r(wellLs 
the thermal uoisc 0 f t,lir: system erll is given by t,lw formula1 

tt,l = 24TR + T, ,111, ,,)fJ.’ 
rl’ Zoe~,f;ln,> N/i ’ 

(4) 

whew k is the Bolt~znzmn const,ant,, Tf{ mtl T*,,+ t,he a,bsolnt~e t,mqxra t,llws 
of t,he resist,ors md t,hr amplifier, Ir the pickup altl kicker gq>; (I t,hr ~J~C~II~I 
md kicker sensitivity, Z,, pickup a.nd kic,krr clmra,ct,eristic~ imIxda.llcr, 6 t,lrr 
electroll clmrge, n,, t,hr: uwnlxr of picknps and kickers, Mel /j tlw vitlll~~ 01 
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j3 function at the posit,iou of pickups ad kickers. Usdly, (1 is tidiw t,o Iw 
constmt, in wl~ich case the cooling mte is also conslant~, 

I 
; = y; (2 - g(A4 + U)) 

In the Debud~er, l~owevrr, the mCt,t,zmce &u~ges by an orders of ~n~~~g~~it~~~lr 
thing the cooling cycle md I/ =const. is a. poor a.1’1)roxilna,t.ioil. Bw‘i~llw ot 
this, t,hr 0pthna.l va.lnr of t,lx ga,h c,a.nuot be tlrt~rrminrcl from t.lw cdficirtll~s 
of the differentia.1 eqnnt.ion (I) done. R.a.ther, we hvr to solw t,llla quation 
aud st,udy the emit~ta~~ce rvolut,im for linit,t: hnes. As WC sldl stv, 111w t,u 
the rapid cl~mge of rmit,ta.ncr tlwing t,he cooling proc,rss, t,lle noise t.rrw tfj, /r 
!xco~nes the (lominmt. limit,ing fxt,or t.owa.rtl t.lw end of t,llr cooling c);ck. 

The difkrent~ial eqna~tion (I) can Iw solved malyticall~ a,tl~l t,lle soli~t~iou 
is 

c(g, t) = f(g,t’) - 
( 

g 2 - gn4 tth 1 
&(?-!!nw-t) + 

!/ 
‘fh: 

2-gM 

whew t’ is a,*, ;ul~)it,ra.rily clmsrn t,imc. Bera~~se e(q,O) = r(O,f) G c,, it is 
corlvrnirnt~ t.0 choose t’ = 0, %.r,. 

‘(g: f) = 
i 

II Y t(, - 
‘L - !,A[ et’& ) 

,-rr~(2-r,Al)t 
+ ‘t _ lln* fth. (5) 

The three tlin~rmsiod plot, t(g, t) ,: .:I i\ 5 IOWU in Fig. 1. The mca,niug of t,llv 
optimal ga.iu is now rlrw if- the gain is too small t,hr t,im(’ mllst,mt, 

7 = (gE(2 - gA4))-’ 

is Ia,rgr il,lld t,llr cooling; is slow; if it, is ho Iargrl t,llr a~synll)tut,i(‘ Talilt. of t.lllJ 
emit~t~ance <I 

e m = :! ylln4 tth 

is large, tlespik bhe far-t 1;llil.t. i,lw initia.1 molillg mtt, Inay lw higIl 
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In conclusiorl~ t,llr corrtd rlrfinit,ion of the opt,imal ga.iu is: 

The optimd pin is t/r? pin r~rhich lends to thr mi~rinrnl rwlvr~ 01 ii!<. c ?ii if- 
trmcr of t1ir: c1rd 0.f the coohag C!JClC 

The opt,inml ga,in clmrly depends not only on l~mrdwa~rr p~am~~~t:~v ljllt 
also on how long the cooling cycle is for short cooling cy~:lrw wr slwllrl 

use a larger pin, for long cooling cycles a. smah pin sllo~dd lw liw(l. 11 
the cooling cycle lms a tlluat~ion t,, the optimal ga.iu is t.lw solllt~iol~ of tlw 
equat~ioll 

Afkr some a,lgrbra,, t.llis eq~mtim Iwronrrs 

N(cy~(2-!!A~) _ 1): = Ivt,(I - gM)(:! - gA4)(2 - g.44 - $i> ((iI 

where t(, = t(O). For t.lw prrsrrd valms of t,he I~mlwa~rr lmmnwt~rrs ~11~1 t,llr 
Lea,nl intensit.,y, t,lle opt,ima,l pin a,s a, funct,ion of t,lw duriholl d 1,11(, ~m~lillj: 
cycle is sl~own in Fig. 2. 

0.045 I I I 1 I I 

0.04 - 

o.on - 

u,o2 - 

0.015 - 

0.01 
0 0.5 I 1.5 2 2.5 3 :x5 

D!ua,t,ion of t,he rooliug ryclr (S~ICOII~B) 

FIGURE 2 Tllr ol~t.inml cmdaut~ gaill w a, fulllrt,ic,ll of the clllr;~t,ic,li <IS t,lli, cc”alill;: 

cycle. 



In pra~cthce, one tlds wit,11 powder xat,llrr tlml with t.lw ga.in. If t,lw gaiu 
phase is less tlmn :30” t~lm~l~gllout. the ~mssh~tl (cd iu prac,t,ice it, is less t,liiill 
that), the power is a~ppoxinmt,ely proport,ionn~l t,o the scpa.rr of t,lle gil,iu: 

where C depends b0t.h on lmrrlwa~rr ad htticr pra.nmkrs. Wii.1~ t.llis. Ect. 
(5) becomes 

c(P,l) = to - - 
( 

v% 
2 - JFM tt’L 1 

&g+&4), + v? ~, 2-+ f’- Ci) 
This expression cm 1x3 clirrct,ly uxn~mrtd wit,11 nm~,s~mxnwt~ 



3 Measurement Results 
Both t~rmswrsr enlit~t,a,ncrs wew mm.w~m I’ tht. t,he end of t,llr moling qv.lr, 

for a mngr of st~oclra.st,ic cootiug power levels. An rlnit,t,anct~ mmsnwnwl~t~ 
was performed in the following way. The power in the (lesiretl moling sgst~nn 
was set, a,(: ill given due, the bean vms injecktt md t,lw cooling was t.llrne(t 
off a,fkr 2.3 svcontts. The mnit~tmce wa t,tlen mea,srlr13l lay using t,tw scra,pm 
(see Appendix). This p~~edu~ was repeated at a, new vale of t,hr tm~c’~~~, 
while the power in t,tle ot,he:r system wn,s kept at t,hr const~a.nt~ setking. Thrsr 
111ea.surr1ne11t.s were rlonr in bot,h t,rmsverse COO ~ng .5ystrms a,t t.hc inkds 1’ 

of a.bout, 100 Wakts from 0 t,o 1500 Wa,t,t.s. Tlw re~~~lt~s aw sl~own in Figs. :( 
and 4. 

0 WJ 1tlOI) 1:,u0 2UUU 
Ilorizont.a~l (kxdiug I’owrr (Watl,s) 

FIGURE 3 The. dot,s iire t,hr LIIP~ISIIW~ WIIIPS o f t,lw I*orim~kt;d rulit.l~arkw nltvr ‘L.:i 

SCCOII~S of rooliug for variolls vnlurs ol horizot~fal poww Thr power ill t,lw wdicnl system 
was kept, at 1117 \\‘at,t.s t~lmiglmut. t,l,r ~~nrasuw~~~rnt~. Thr so ,I I I liw is t,l*e t,lw~m4r;d 
rrsnlt,, Eel. (7), wit,h F,J, anal C as in Eqs. (8) nnd (10). 
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FIGURE 4 TIN? dotz arc! t,lrt: ~~mwr~l vnl~ws of f,hr vrrt,ical rlnit.t,;wcr aft.cau 2.3 ~WOII~IS 
of cooling for v;uim~s vdurs of vertical pow~:~. The powwow ill t,hr I~orizouI~d sysl,m~~ WC,.< 

kept. al. 1251) Watk t,hro~~ghout, t,he ~nras~~rr~~wut, The solid liter is t,lw t~lu~owt~ical ws1111,. 

F&l. (7), with ft,, a.1~1 C 8s ill Eqs. (9) and (10). 

From t,tw emit,t~a,nrr nlesnrenlent~s t,llr values of elil mtl 6’ vvew &river\ 11y 
fitthg thr curve c(P) a.t t =2.3 seconds t,o thr rhta.. For M t,lw cc-omlmt,rcl 
value of 10 wa,s uscvl. The Icst fit, is ol~t~a~irxtl fm 

ft,,(lmrizoutd) = 72.2 7r mm nma.d, (8) 

c~,,,(vert~ir.al) = 75.9 iT mm mri~d, (!‘I 

a,ntl 
c = 4.44 x 10” wa.t,t~s. (l(1) 

The corresponding ~twves a.rc stmwn wit,11 the tta.ta in Figs. 3 a.nd 4. Bawl 
upm the otwrnwtl fit, we conctucte t,lmt t,llr t,hroret~iml nlottrl, EC]. (I ). is it] 
rxirellrnt~ a~greemwt, wit,11 the rxlw~imrnt~nl da.ta. 



4 Time-Dependence of Mixing 

Dut: to n~omrnt,um cooling in the Delnmcher, the IIK~III~II~~LIII~ spwa(l is 
rrtlr~etl hy dlmut~ il. fact~or of t,wo during the cooling cycle. Since t.hv Inixiufi 
fact~or A4 is imx~rseI,y propo~tiona~l t,o t,hr nmment~m spwal, it. illcreww 
by the saw fxt,or. How does this t,inlr depcntlencr of mixing a,fftv-t. t.lw 
pt~rforn~a.~~r of the cooling syskm? 

The cooling equa~t.ion (1) now Ins to Ix? rrplacrd by “,I? wit.11 M(f) = 
&(l$ ;,, where k&j = M(O) 7z 10 is t,llr const,ant va.lur we lisrd Idow im~l 
t, the dura,tkm of t,lle r-ding cycle. The new rqua,ttion is 

dt -= rlf 3; (z - Il(M, + hl,,: + Y,) 6 (11) 

It, turns ollt, t,liat. t,his rqmt.ion, km, cm 1x3 SOIVP~I rxacl,Iy, IwllillK t,o I.hr, 
solutim 

f(r/,f) = 
2 - gn4,, g 

2 - gA4,,(1 + $) FU - 2 _ rln*,, ttll 
~-r,+(--gA~<,-~ !l”‘o~) + !/ 

2 - g/A4,, 
(12) 

As rxpect,etl, the rrnit~tancr is going t,o lw Luger due t,o t.llls la~rgrr mixing 
factor. This effect is illustra.tetl cledy in Fig. 5, in which t,hr anit:t,zt~ll<ws t;n 
t,lie const~ant~ mrl t,iillr-depentlrnt, mixing are c.omparrtl fa t,llc t,yl)ira.l wllws 
of the D~~IIICIIPI. pa,rameters. It, is import.mt~ t,o Inltlerst~md t.hr mpil.ll(l~, 
of the effect, of t,imr rlept~~~drr~t, mixing. At, t,hr opt,im;al gain; t,llfa wllit.t,an<n, 
wit,ll a. const~aut~ nriwiq f&or t,ums ollt, t,o Ix I:1 ‘XI snrallrr t,lmi wit,11 1~11~~ 
t,ime drpmdc:r~~t. cmr. Tllis is the size of 1.1~ illl~~~o\~(~~ll(~~li; t,lmt~ ~:it.u Iv qw~~krl 
under a proposrtl scl~ane” in which the Debnnchrr lat,t,ice is raml~vl ~lllring 
the cooling cycle s~ich t,ha.t t,he mixing fidor remains ro~st~a~~~t~. (Not<. t~llil~l 

the clmnge in ‘7, cm offsets a. chmge in I, ALa such t,hat M wmains WIIS~.~III~~~ 

E+(2).) 



R , R I I I I I I I I I 

1 - 

U 
II u.uu5 0.01 0.015 u.u2 0.1)25 

Grill 
II u.uu5 0.01 0.015 u.u2 0.1)25 

Grill 

FIGURE 5 The effect, of t,ilrlr-~lrl)rtldrllt, mixing. TIW t.op CIIIW rorrvst~~~~~~ls t,o t,lav 

mixing-fart.or inweax from 10 t.o ‘20 rlnlring t,h 2.4 SP~IIIIF ryrlr iu t,trc Lh~l~~~~~rhrr. TII~, 
ldlorn c~~rvc is for comt;wt. mixilbg r~trml t,o 10 
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5 Gain Shaping 
The optimal gain so fa,r vms rlrfinrrl as the optimal corrstn~d ga,iu. This 

gain is, however, optima.1 only in t,hr a~verage sense, since the cooling is jmw~ 
limital at the beginning of t,hr cycle a,lld noise IinCktl ill the swwi~l half of 
the c,ycle. We may try to va,ry t,llc pin in time such t,lla.t the cooling ra.t~’ 
is nmximized a,t F~:TZ/ il~s(.taut t~l~rouglm~t. t,hr c,ycle. This is t,hr iclra of yiiri 
sh+l~. 

The stocha.stic cooling system wit,h t,hr gain sha.piug cm 1~~ I~KI~Ic~III:~I 
in the following wa.y. Frcm t,lw diffwrnt,ia,l rcpt~ion (1) we SW t,llat, t.lw 
ilrstalltnlrf:orrs coohrg mtc: f C$ is nmximized for gilin 

t 

~4 = A[({ + 6;f,,, 

The optima.1 ga.in is a, fi~mct,ion of t,lw mlit,ta.ncr md, il,s we ;tlll~,il:il”l,t,r[l. 

increases wit,11 t,hr rmit.tmcr. The diff’eretlt.ia.l equa.tim for t,llr t,imr v\:~llllt~iou 
of the rmittmcr with t,his opt,ind ga,iu is 

(M + y) ; = -!!& 

This equation cm Ix solved a~rdyt~icallg, dlxit, only in the irnl~licit, forln 

M1 -+G&~t+~ *, et1 
c t N 

(13) 
611 

This, of course. call Iw solved Illllllerically (SW Fig. Ci), I)llt, vvt’~~ \ril,lmlt 
t11a,t VW ca,, se< t, ld I t t,lle rnrit,ta,ncr is im rvex rbxrra~siug flluct~iou uf 1:ilnr: 

i =_ Wf' 

Me + tll, 

which is u@ior: for d t,imes f. For long c,ooling times t,he rmit,t.;ln(.r go<‘5 
to zero (mrl not t,o a, finik val,llr) 

t, = n 

3,s cm 1~ tlirrdy verified from (13). 
Thr elnit,t,ulw a a funct.im of t,iirlc is S~LCIWII ill Fig. (i ;m(l 111~ COK’- 

spending gait cha,pitlg it] Fig. 7. 
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FIGURE 6 ~lrr horizont~al rrnit~t~arrcr as a ftlrrrt.iou OS t,iutr SN idwlly sla~tawl g:“,ill~ 
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FIGURE 7’ Tlw iclrd ge~iu shaping for t,lw DI:IIIIIICI~~~ wit,11 l.lir t~rew~tt, WIIIPS of lw 

rameters. Tlir xvrrngr powc~ is 2277 W;ht,s, 
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6 Smart Pickups and Kickers 
Pickups imd kiclaxs cm lx nla.de suc11 t.lmt their gap inrw;urs or ~lwwiw~s 

proportionid to the beans size (i.r:. to the squa~re root of the rnCt,ttalw). 111 
the Dehuncl~e:r, this would increa~se the signal-to-rloise ra.tio up t,o a f;dor 01 
seven il, tlmrna~tic improvement, pa.rtioda.rly rrleva.nl~~ for t,hr Mai*, Illjrdol 
era, as will lx discussed in .Src.tion 7. Consider ml txxxurlpk~ of il. l~ypi~~~~~l 

irnprovenwnt. of the Drl~udw performmce under the p~“ps~~~l schne. 11 
the presmt~ Delnmcl~er were equipped wit,]] rma.rt picklll)s md kidwn., H tid 
emit~ttmcr of I 7r nun nmd co&l IJ~ a~clkwtl wit,11 ody :3X1 W;hts 1x3 l)lxlr<~~ 
whicll is Ivss t,lmu a third of t,llr l)resrnt, power, Fig. 8. 

0 0.005 0.01 0.015 0.02 0.025 0.m 
Chin 

FIGURE 8 Final rlnit,t,anw WV. gniu plot, for t,llr prrwnt Del~~~nchvr st,wlnst.ic~ i-cding 

syst,ern quipped wit.11 smart pichips imc I kickrrs. Tbr final rmit,t,allrrs nf 1 a !!~II) IIIL~~CI 
cill~ Iw xhiewd wit,11 :lW W;rt,t,s per plmr, lrss t,ha,n a t,hircl of t,lw ~~wwut, ~10w~r~ (IJsv 

gain-t,o-Im\rvr cuI~vwsion frorbl Srct,iw :3,) 



By rmlirlg a,t 15no watts, the eluit.t,a,llcr WOllld lwcll 0.2 Ti 111111 nl1~;l~l il,i, 
1.1~: end ol’ blur 2.4~ sec~cmds qdr, Fig. 9 

0 0.5 I I.5 2 
Time (seconds) 

FIGURE 9 Time wolnt~iorl ol’mrit~t;~ncr wit.h t,l~r pwsmt, Del~~mrher st~ocl~i~.di~~ ccactliu;: 
syskrn rqili]~pwl wit,ll sma,rt. pirkllps imcl kirkrri al~cl ~111~ ;I.+, t,hv nx~shnt~ power Cal I.‘~illl 
WRt~t~s. 

Herr it, NW ~LWII~MI t,hat t,h motim of l~i~-l;r~ps a.ucl lc~ckr~s fldlp I-oI~I~II’IIs”,~,~,~ 
the einil,t.aucr &~CII&IIW of t.llr siglm-t,o-n&r mt,io. 111 t,lmt cca,sc! t,llv !kml 
et,,/6 111 Eq. (I) is const,;mt. and the opt,mml ga,m is also ronst.mt~. onr <Cal, 
also rnvisa.gr a syst,cml in wllirll t,lw nerdetl l-ollll)l’llsil,tiOll is partly id~iwtvl 
by using the snmrt, pichlps a.ntl kicltrrs imd ptly by using t,lw ga.i~l sll;q)ing. 

As will IF pink1 ollt, in Srct,ion 8, t,llr smart, pickup mtl kicker lxol~osal will 
1x5 a, st,roug cir.ntlidal:r ;urlollgst, t,lw clrsign lmssil)ilit~irs in t,llc hhin lnjrdul 
es;,,. 
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7 Debuncher in Main Injector Era 
As nmhxuxl before, ill the M;l.in Illject,or aa. the will be a, t.lmvfol<l 

increa.se in the h2a.m int~ensit.,y in a 40%) shorter rooling cycle. It is iutrrest,i1lg 
t,o study the prrformance of the presents st.ochastic cooling system IIII~~ t~llw~ 
new contlit~ious. The t,ime evolut~ion of the emit,tancr is slxmw ill Fig. IO. 
As ca.,, Ix= seru clwly from the figure, the value of t,le rmit,t.mw aft ~‘1 I .:I 
seconds is a.l’l)loxiIlla,t,rl,y four thnes larger t~1la.n prrmissilk 

FIGURE 10 TLC< I mrizm~t.;rl rulit,tauw ill t,llr Del~~~ucl~cr wit,lt t,h- ~lni,l-Il,.jl,c.ti,l~,~:i 

heanl aud wit,11 t,lir presrut, eroch;st.ic cooling syst,*nr nul a,t. ‘LUIJO \Vidts (~~wsv~~t. ~u~it,si- 

111l1111)~ 



The list, of upgrade options includes: 

1. Increa~sr in cooling power. 
2. Gain shying. 
3. Cooling of the resistors to 20 deg. Kelvin (ga~seous lwlimn) 
4. Smd pickups md kickers. 
5. Increasing t,hr Imntlwitlt~ll to 4-8 Gl-Iz. 

Any upgrde sclmne will nnrlo~~l~t~rtlly consist, of a combinat~iot~ of SCWI~~I~ 
of these. It. is of ink& therefore to rxunirw t,lw liinit,s of rarll q)t,iou. 



1. Increase in cooling power 

The (lmrizont~al) emit;ta,nce a.t t,lre rntl of t,he 1.5 seconds cyclr ins ii funv 
tion of ga,in is shown in Fig. 11. The mo~lel a,lso inclntlrs t,llr t,inw ~(‘~)(.II(~(‘II(-I) 
of mixing (see Section 4). The opt,imal ga,iu corresponds t,o C,IlK) \Vat,t,s IN 
&me, xhieving t,llr emithnce of 3 ?I mm rnrd at the end of tlw ~:yrle. 
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0 11.11u5 0.01 O.I)Li OM12 ,/., Ini ll.03 o,wLI II,,!4 ii,iY? 
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FIGURE 11 TIP ho~inmt.;rl en~it~t~nuct? iu t,lw tkl~~~ncl~r~ as n illurtiou ot pill. TIII, 
opt,imal gain rnrrrst~imcls t,o (ilO Wa,t,t,s, 



2. Gain shaping 

The gain slmping woultl lowrx the rm~it,t,a.nw t,o I.8 I: mm 1n1~(1 11111, H- 
quires cnornm~~s peak power of 25 ldowatt,s per plane at, tlw lwpjnlling ot 
the cycle. The a~verage power is 15 Itilowat~ts. 

FIGURE 12 The t,inlv drvelop~nr~~t. ol’ t.llr horizol~t~;ll rlllit,taurt. rit,ll t,hv c~t)t,il~~:~ll.y 
slraprtl gaiiu Tlnr fiun,l mlit~ttauw is I.8 n 111~11 III~;K~. 
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3. Cooling the resistors 

Cooling t.lrr resistmrs 1.0 T = 21) “I< (inskal of presrwt~ SO “Ii) will (Iw-wast~ 
Cl,,~ by a, factor 

4(1 + sn 

40 + ‘Xl = ‘4 

7 cj. Lcl. (4). The final txnit;ta.nre is rcduc~xl by only RN insignificmt, mrm~~~t~, 
as can be sew in Fig. 14. If conrbimxl with increa.srd power, thr rlnit~t~ancw 
cm be further reduced t,o about, 3 ?r mm mrntl a,s shvn in Fig. 1.5. It, t,wns 
out, however. tint this improvement, is not sdficient, for the Ma.in 1njrct.m 
era, unlrss me rises vrly high Imnrlwirlt~ll, (e.g. 8-16 C:IIz) iml~lifkrs. as 
discussed ill Sect~iou 8 
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FIGURE 14 Tilw rvnlltt,iol~ cd t.lw rrnit.t,ancr wit,ll TH = ‘LO” lip (COLII~)W+~ wil,l~ Fig 
1U. 

The optimal pill is n,gai~~ ol~t,aiwd from the rlnit,t.il,ll(.l’--gilitl lJlut, Fig. 15. 
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I- 
O 

FIGURE 15 F. inn mmit.t,a,ncr a,s ;a, fntnct,ion of gain wit,11 colcl wsi.dors (2(I”I<)~ TIi<, I 
opt.ima,l power is idj011t. 75(l(l W;t,l.t,s. 



4. Increase the bandwidth 
Dcn~blir~g t.hr Imndwidth to 4 GHz k~~rl~lrs t.1~ cooling ra,t,r. The olkinml 

const.ant. power t;ums out to be 4800 Wa.tts per pIme, Ira,rling t,n 1,11c, (mitt- 
tmce of 1.5 r mn~ mrxl, Fig. 16. 

FIGURE 16 Emit,t,;uIc~r .CIS. gaili nit,11 IW = 4 GtIz. 
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5. Smart pickups and kickers 

Snmrt pickups and kickers offer drmmtic irnprovrmrnt ill a.cllieval)le emit.- 
if we do not, cont.enll~latr csot,i(. 
curve is given ill Fig. IT. TIIc, 

optima,1 power is about, 25 kilowat~ts mcl t.hr final emitt,alicr 1.2 77 nm1 mral. 
Not,r tlmt. by rurulillg n.t only 2000 M’a,tt.s t,he rrnit,ta.nw is only Iargm II~ a 
fa.ct,or of 2.5, Fig. IS. This ca,n easily 1~ reduce(I t.o I in 111111 unravel IJJJ IIS~IIC: 
higher bmtlwidt,ll a,s will lw slromn in Sert~ion 8. 
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0 ’ I 
0 ,,,,,, 0.0 2 0.03 0.114 moi O.Oh ,MV 0.08 0.0~~ 0, 
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: 

FIGURE 1’7 Emit,t,nllw IX gnin l>lot, for hi;lin Injert,or era l~ram witl~ sn~z~rt~ Inicklllw 

and kic~kt?rs. TLC: opt,imal po~vcr is alw,~f. 2.5 kilowat~t.s. 
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FIGURE 18 The t.irnr evolut.ior~ of emit,t,;mrr wit,h smart. pickIlls a114 kirkr~rc KIII> :I+, 

t.lir presrnt,ly ma,ximal power of 2WJ Wat.ts. 
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8 A Design for the Main Injector Era 
The present study suggests that tile find rmitthncr of the order of i x 

mm mra.d cm only Ix a.cllirverl wit,11 t,he bnntlwitlt,ll incrra,sr ;mmln~~;~nir~l 
by a sigm-to-noise erhncement~, such a,s smart, picklIps a.ntl kickers or colrl 
resist~ors. It, is import,a.nt~ t,o point, out tlla,t tlolll,lillg t,lir lia~~~~lcvidt~l~ t,o 4 
GHz effect~ivrly rxcl~~des the optim of cold resist.ol-s a.s t,hr Irquiwrl ~mwm 
is ilnI~~a.ct,ica,ll,y high. The ernithucr ill this c.11.w cannot, lw lowrr~~l t,o I x 
mm mrd with less hn a,bont~ Ml00 Watts per pIme, a,s slowly in Fig. 1’). 
If one chooses a higher bnndwitlt~b, t,lx possibilit,y of using the cold wsist,ow 
becomes a,ga,in vizhle. Therefore, it a,ppexs ht t,llr smut, l)icknls md 

0 IMHF O.OL O.ll,f, ,,.I,2 ,,,I25 NO3 ,,.,, 35 ,,,I)? ll~,Wi ,105 
Grin 

FIGURE 19 E LIII .t.t, mcr WY gain hr W = 4 GHz nud cold rrsist,ors. ‘1‘1~ s~ll;,llrst 
ncllirval~lr rlllirt,nllCc is 1 P 11,111 nK3,l at, p”\Yer lrvel of liwJ wa1,t,s ,wr plnw 

kickers remain a,s t.iw ouly tmssibilit,,y if we do wt. wisll t,u uw l~a~u~lwi~ltlls 
higher t~h;m 4-S GHz and pwer lh&rr t,lmn a,lmlt. 3000 Watts ill with l,l;mr~. 
As a.11 exa.ml)lr, if t,lw l)icknl)s mrl kickers a,w coust,tuct.wl wit,h the gal> vxy- 
ing brt.wem 1 I a,url :I cm t,lle syst.m11 wo111tl llavr a, nonst,iult. si,~lla,l-t,~,~Il~,i~~, 



die t,lli-01~1glloat the cycle and the optima,1 ga.in shiq~t: wo~dd Ix+ c~ollshlt~. 
The calcuhtion sllows t,lla.t wa.rm pickups and kirhs provi(lr sat,isfa~ct,q 
perfoormmce, thus there is no need to l,uild smart, nnd cryogenic t)irliups ;111(1 
kickers which would lx tfxhnologica~ll,y ~nuch morn tlifficlllt, t,o realizr. ‘Tlw 
out~line of a design of a via,ble syst,em a.nd its ca.lc&dwl ~w~foo”na~nw iur givrn 
in the Tal~lc: 1 zwtl ihe corresponding rnCt,ta~nw ‘us t inlr plot, in Fig. 20. 

PAR.AMETER VALTIE 
Amplifier barrdwi~lt.ll 4 GIlz 

Ma.xima,l ~OWPI 3800 Wakts per phnr 
Pichlp/kicker ga.p va.ria.blr 1. I-3.0 cm 

Picliup tempera.turr 80 + 40 “Ii 
Fid emit,t,ance 1 x 111111 Inr;r~d 

TABLE 1 The hasir parnmrt~ers of th Iwt,at~nxl ctrolillg sp~~wn for th n~I~~lill 111jwrrw 

era. 

0 (I.? 0.4 0,6 II.K L 1.4 
T 111, e ~rrwlrh, 

FIGURE 20 Err~it,t,:~urc~ a~. t,inlr. for l,i~ = 4 C;Hz UT,,/ s~~arf, itickllls u~cl kickrw Tl~e, 

powr ii 2300 M’at,t,s pm pl;sn~ 
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Appendix 

Measuring Transverse Emittance by Using Scrapers 

Consitlrr t,lie ham wit,ll 3, Gmssiwi distribut,ion in phase spc~~: 

p( 1’ , x:‘) = ~t-,:~+lir,:,+~~,)‘)!2”~, 

TI ~. ~. w 1111s emii~t~anw of t,llr hrn~m is rlefind as f = d//Y. How dew OllP (I?- 

terminr t,Iw L’IIIS rnlit,tmc~r from the scmper lllr;t,snlrnlrllt,‘! .4s tlw sr.riqw 
l,,O”IlS t;olra~r(l t,llt: CPlltc1. 0 f t.llc! lmm, t,11r outer 1iqY:rl.? rt,l<’ “p’3M ofI’>’ i,s 
sl~ow~ ill Fig. 21. Tlw ~nra~surrcl I~E~II~ mrrent. is pmport~iod t,o the- 

FIGURE 21 ‘hr. I,<.z,I,, r~~i~,sr ,ktir,w~ by t,t,r srra,wr ,witirm 

fra.ct,ion of tllp lwa.m illsi(le i;lw qwltl~re tlrfinrd I)): t,lw sr~“p<w j~osii~io~~ :ri : 

f=i/ 
27TrT’ “Iii,‘“’ 

r~~,~r~~,~‘~-~‘:~+(/r.r:‘+~~:~~‘~12n’ 

f = 1 _ ,-.ri/2n’ 



The fm:.t,imal lmm current a,s a. funct,ion of x:,/n is slmw~~ in Fig. 22. Tllis 
is t,o lx conrpxetl wit,11 a. typird meas~nwnent, slmwn in Fig. 23. 
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FIGURE 22 ~rnrn cllrrrnt, WV. scrn.prr posit.iou for ~;;rllssia,u caroler. 
fiP “1.26 can,o1. I c**>:, P.f B-ma”-91 18:8, 

6 I I I I 

“- D:“IsLoi 

< LS “1 , X. 0:11,,86 am “. .“s,“..‘Lng “nit, 

FIGURE 23 gram ct,rrr,,t ‘mv. sc~ra,w, Imsil,imk -. ~urnsi~rr~nr~nt~ dab 



The god is to obtain thr r of the distril~ution as a function of :r, UKI 1, 

2 z; 

(T = ‘2111& 

The rms rnlit.tance is thcw 

fzz 
:I:: 

z/i 111 & 

This is the for~nula usrtl in the mea.surement of emittmce discuswl ill Sw1:ioll 
3. The p~~rrl~~~rr in t,hrw ~nea~surm~e~~t~~ consis ,s o t f rra~clirlg .f a.u(l :q iknrr 
the data SIICII a,s those ill Fig. 23. Since the 13 fklctiorl a,t. the psit,iou 111’ t,hr 
scraper is !inown, t,he rnls rmit~ta.nrr is obta,inrtl from the almw~ ~~qm~s.sim~. 
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